IGBT is the key component of electric vehicle motor control system. In order to control IGBT and motor accurately and effectively, the structure of MOSFET and N-IGBT is given based on semiconductor principle. The four-layer PNPN structure of IGBT is analyzed. The equivalent circuit model of IGBT based on MOSFET, PNP and NPN transistor is established. Combining with Infineon IGBT chip and its application data, the collector current transmission characteristic curves under different gate source voltages and environment temperature are given. The simulation method of the same characteristic curves can be obtained by setting IGBT micro-variable equivalent circuit model parameters using Q3D and Simplorer. The model parameters such as parasitic capacitance, parasitic inductance, junction resistance and so on of the IGBT chip are determined and extracted. Thus the accurate model of IGBT chip is established. The simulation results show that the modeling and parameters extraction methods can effectively extract the precise parameters of IGBT, and can provide precise data for the analysis and establishment of the equivalent circuit model of IGBT.
Introduction
The electric vehicle uses the power of battery packs to drive the motors and wheels. The power motor drive and control module of the new energy vehicle is the inverter which is called motor controller. The core components of the motor controller usually are six Insulated Gate Bipolar Transistors (IGBT). The IGBT is very important for influencing the electromagnetic characteristics and the power motor performance of electric vehicle. It is the key factor for the electric vehicle to have strong power, fast acceleration and good driving performance. Infineon IGBT power module used in the new generation motor drive system has higher power density and integration characteristics. The various electromagnetic effects caused by IGBT have been paid more and more attention by automobile manufacturers and users. Therefore, it is important practical significance that the research on the principle of IGBT, the formation of dynamic parameters and its influence mechanism for solving the electromagnetic compatibility and power problems of IGBT power module motor controller and electric vehicle.
Structure Composition and Physical Model of IGBT
It is necessary to extract various parameters of IGBT for researching the characteristics of IGBT and establish the equivalent physical model of IGBT. The formation of various parameters of IGBT depends on the basic composition and structure of semiconductor materials. In order to analyze and model of PN junctions and the structures of PNP, NPN and MOSFET, so as to extract the parasitic parameters of IGBT and establish an accurate physical model of IGBT.
Intrinsic Semiconductor
Intrinsic semiconductors are those in which the electrical behavior is based on the electronic structure inherent to the pure material. Pure semiconductors is made into single crystals which is the intrinsic semiconductors. Both free electrons and holes in intrinsic semiconductors participate in conduction. Under the intrinsic excitation at a certain temperature, the generation and recombination of free electron-hole pairs reach a dynamic equilibrium. Carrier concentration changes the conductivity of semiconductors. The concentration of free electron-hole pairs in intrinsic semiconductors is as follows: for germanium [1] .
Impurity Semiconductor and PN Junction
N-type Semiconductor. Because only four valence electrons in pentavalent impurity atoms can form covalent bonds with the valence electrons in the four semiconductor atoms around them, and the extra valence electrons can easily form free electrons because they are not bound by covalent bonds. Most carriers in N-type semiconductors which is formed by doping pentavalent elements into pure silicon crystals to provide donor atoms in pure silicon crystals are free electrons, mainly from impurity atoms, and holes are a few carriers, which are formed by thermal excitation. Pentavalent impurity atoms that provide free electrons become positive ions because of their positive charge, so pentavalent impurity atoms are also called donor impurities. P-type Semiconductor. When trivalent impurity atoms form covalent bonds with silicon atoms, they lack a valence electron and leave a hole in the covalent bond. Most carriers in P-type semiconductors formed by doping trivalent elements into pure silicon crystals are holes which are mainly formed by doping. While free electrons are a few carriers, which are formed by thermal excitation. Holes can easily capture electrons, making impurity atoms turn into negative ions, so trivalent impurities are also known as acceptor impurities.
PN junction. P-type semiconductor and N-type semiconductor are fabricated and connected together to form PN junction with space charge region in equilibrium state. Because there are many electrons and few holes in the N-type region, and many electrons in the P-type region are very few, the difference in the concentration of electrons and holes at PN junction will produce. Then the electrons and holes will diffuse from high concentration to low concentration. Therefore, some electrons will diffuse from the N-type region to the P-type region, and some holes will diffuse from the P-type region to the N-type region. As a result of their diffusion, the P region loses holes, leaving negative impurity ions, while the N region loses electrons, leaving positive impurity ions. The ions in semiconductors cannot move arbitrarily and therefore do not participate in conduction. These immovable charged particles form a very thin space charge region near the interface between P and N regions, which is called PN junction. The PN junction forms a narrow depletion layer in the space charge region when the forward voltage is applied, and the conduction state is realized by intensifying the diffusion motion and weakening the drift motion. The PN junction forms a wider depletion layer in the space charge region when the reverse voltage is applied, and forms a very small reverse current to the cut-off state by intensifying the drift motion and weakening the diffusion motion [1] . C are generally very small, they show great capacitance reactance for low frequency signals and the capacitance effect of junction capacitance j C for high frequency signals and its influence need to be considered. Therefore, the parameter extraction of IGBT is very important for the control and function design of IGBT power control module.
Electrical Parameters of PN Junction

Structural Comparison of IGBT and MOSFET
Basic Structure of MOSFET. Insulated Gate Field Effect Transistor (IGFET) uses 2 SiO insulating layer between gate and source, gate and drain. The gate is made of aluminum metal and the gate resistance is over 1000 ohms. In order to fabricate high-power Metal Oxide Semiconductor FET (MOSFET), The substrates of N-channel enhanced insulated gate FET adopts N-type substrates with high doping N+ region. As shown in Figure 1 . Low-doped N-region (N-type epitaxy layer) is epitaxied on N+ substrates, which together acts as the drain region and leads to drain D. The layer of P region is formed on the N-type epitaxy layer, and the highly doped N+ region is formed on the P region. From the overlooking of the P region and the N+ region, it can be seen that they are both annular regions, the N+ region is the source region, and the electrodes attached to it is the source S. The V-groove is formed by etching the middle to the N-type epitaxy layer. Because of the existence of the V-groove, the MOSFET is also named VMOS. The layer of insulating layer is grown on the V-groove and covered with a layer of metal (aluminum) that formed the control region of the device is called gate region, and the electrodes attached to it are called gate G. In this way, high power MOSFET is fabricated. Basic Structure of IGBT. Insulated gate bipolar transistor (IGBT) is based on the structure of MOSFET. The substrate adopts P+ type substrate with high doping P+ region. That is to say, there is a P-type layer on the other side of the drain N+ layer of N-channel power MOSFET. The P+ type substrate is called Drain injector. The four-layer PNPN constitutes the structure of IGBT. The structure profile of IGBT is shown in Figure 2 . Therefore, the structure of IGBT is similar to the MOSFET. For the structure of N-channel enhanced insulated gate bipolar transistor IGBT (N-IGBT), its drain, gate and source functions are similar to those of MOSFET. The difference between N-channel power MOSFET and N-channel power MOSFET is that the N-IGBT is based on P+ region.
The additional base plate is the P+ layer drain injection region in Figure 2 , and it is the unique functional region of IGBT. The N+ layer becomes the N+ layer buffer region between the P+ drain injection region and the N-epitaxy layer (N-drift region). The presence or absence of N+ layer buffer region determines the different characteristics of IGBT. The IGBT with N+ buffer region is called asymmetric IGBT, also known as through IGBT, which has the advantages of small forward voltage drop, short turn-off time and small tail current when turn-off, but its reverse blocking ability is relatively weak. The IGBT without N+ buffer region is called symmetric IGBT, also known as non-through IGBT, which has strong forward and backward blocking ability, but its other characteristics are not as good as asymmetric IGBT [2] .
4-Layer PNPN Structure of IGBT. In the four-layer PNPN structure of IGBT, the P+ substrate constitutes a drain injection region. The metal layer and electrode attached to the P+ substrate are called the drain (collector C) of IGBT. The drain injection region P+ substrate is connected with the drain region. The drain region mainly consists of N+ layer buffer region and N-epitaxy layer. The equivalent structures of IGBT is combined by the MOSFET, triode PNP and NPN shown in Figure 3 . P+ base and N base are defined. That is, the P region formed on the N-region is also called P+ base, and the N-region is also called N base or drift region. The layer of P region is formed on the N-type epitaxy layer, and a highly doped N+ region is formed on the P region. The P region here is also called the P+ base. The N+ region produced on the P region is the source region, and the N+ region is also called the N emitter. The electrodes attached to the N+ region are called the source (Emitter E) of IGBT. The control region of IGBT is still a gate region, and the electrode attached to it is a gate(G). IGBT can form conductive channel in the region close to the gate boundary, and the channel region formed in the P-type region between the drain region (N+ layer, N-layer) and the source region (N+ region) is the sub-channel region. Therefore, as can be seen from Figure 3 
PN Junction Formation and Transistor Equivalent Circuit in IGBT PN Junction and Device Formation in IGBT
In the internal structure of IGBT shown in Figure 2 and Figure 3 , a large of area of the PN junction J1 is formed by combining the drain injection region of P+ layer and the buffer region of N+ layer. The PN junction J2 is formed between the N-epitaxy layer and the P region. The PN junction J3 is formed between the P region and the N+ source region. The PN junctions J1 and J2 jointly formed the PNP transistor T1, and the PN junctions J2 and J3 jointly formed the NPN transistor T2. The middle P region of T2 is a base, several microns thick, forming the P+ base. The upper N+ region is the emitter region with high doping concentration, forming the N+ emitter. The lower N region is the collector region with a large area and can withstand large current. The PNP structure is composed of P+ drain injection region, the drain region, and P+ base P region. The NPN structure is composed of the drain region, P+ base P region, and N+ source region. The MOSFET structure is composed of gate region, source region, conductive channel, sub-channel region and drain region. Therefore, the equivalent circuit of IGBT with parasitic transistor and MOSFET is shown in Figure 4 . The IGBT of this structure is called N-channel IGBT (N-IGBT), similar to P-channel IGBT (P-IGBT), which is a three-terminal device with gate G, collector C and emitter E. dr R is N-Drift region equivalent resistance.
br R is the P+ Base region Equivalent Resistance and Distributed Resistance.
Modeling of IGBT Internal Thyristor
The PNP and NPN transistors in IGBT constitute a Thyristor (Silicon Controlled Rectifier, SCR) structure, as shown in Figure 5 and Figure 6 . When positive high voltage is applied between anode A and cathode K and the control electrode TG is not applied, circuit A and K are high voltage blocking state. When positive high voltage is applied between anode A and cathode K with positive voltage between the control electrode TG and cathode K at the same time, conduction between anode A and cathode K. The current of base B1 of PNP transistor is IB1( 
(3) The amplification process mentioned above is carried out again to form the positive feedback. Therefore, in a short period of time, generally not more than a few microseconds, both PNP and NPN transistors are in the saturated state, thus the thyristor is fully turned on. Decreasing the current of anode A or changing the polarity of A-K voltage can achieve forward condition or reverse blocking. As can be seen from Figure 6 , the current of the thyristor control TG is d I .
(4) Therefore, IGBT is the on-off of thyristor formed by the connection of PNP-NPN transistor controlled by MOSFET, that is, the voltage change of control TG of thyristor can be controlled by MOSFET, and the on-off between IGBT collector C and emitter E can be controlled by gate G based on MOSFET, so as to realize the control function of power supply. Figure 5 . The Equivalent Circuit of IGBT. Figure 6 . The Structure of SCR.
Equivalent Circuit Analysis and Physical Modeling of IGBT
Equivalent Circuit Analysis of IGBT Physical Model
Based on the equivalent circuits of MOSFET, PNP and NPN, the micro-variable equivalent circuits of the three components of IGBT are established respectively as shown in the following Figure 7 . The MOSFET has three working states of cut-off, amplifier and variable resistor. From Figure 3 and 
The Parasitic Parameters and the Accurate Modeling and Analysis of IGBT
In order to obtain the transmission characteristics and achieve the accurate dynamic model of IGBT, it is necessary to extract the parameters of IGBT and its internal MOSFET, PNP and NPN. These parameters include parasitic capacitance, parasitic inductance and junction resistance of voltage PN junctions, which are embodied in the transmission characteristics of IGBT. Therefore, through the simulation of the circuit, the equivalent parameters of the model of the actual components can be obtained while the best control transmission characteristics are obtained [5] .
The 3D model of IGBT is built by Q3D and Simplorer simulation software in order to extract parasitic parameters. IBGT model based on micro-variable equivalent circuit is shown in the Figure 7 the environment temperature from C 25  to C 125  , which are basically consistent with those provided by the IGBT user manual in Figure 8 . By the modeling and parameters extraction methods can effectively extract the precise parameters of 
Summary
IGBT is a composite fully controlled voltage-driven power semiconductor device composed of input stage MOSFET and output stage bipolar transistor PNP and NPN or GTR. When MOSFET is used for control and response, it has the characteristics of small driving power, fast switching speed, large input impedance, good thermal stability and simple driving circuit. The on-resistance of MOSFET increases rapidly with the increase of above 200 V or higher voltage, which makes its power consumption increase greatly that IGBT can't obtain higher tolerance voltage and large capacity. BJT and GTR have the advantages of low on-voltage, low saturation voltage, high current density, high driving current, higher tolerance voltage, and are suitable for high-capacity power applications. However, they require large driving current, complex control circuits and insufficient switching speed. IGBT combines the advantages of these two devices. It has low driving power and low saturation voltage. Its frequency characteristics are between MOSFET and power transistor. Based on these excellent characteristics, IGBT adopts high frequency, high voltage and high current chip technology, which is widely used in voltage applications over 300V. Modular IGBT can meet higher current conduction requirements, and is very suitable for converter systems with DC voltage above 600V, such as AC motor, frequency converter, switching power supply, lighting circuit, traction drive and so on. At present, there are mainly international semiconductor manufacturers such as Infineon, ABB, Mitsubishi and so on. Among them, Infineon's N-IGBT module has the most obvious market advantage.
